by C J F Bottcher DSC (Gaubius Institute, University ofLeiden, The Netherlands)
In spite of a tremendous number of investigations carried out since the beginning of this century, our knowledge about the processes underlying atherosclerotic degeneration of the human arterial wall is still very limited. How fragmentary this knowledge is becomes immediately clear if we ask precise questions: Why and how does the undesired series of events begin? Are changes in the blood composition a primary factor and if so do they act through simple infiltration from thelumen, leading to accumulation of undesired blood components? Or does an undesirable blood composition act in another way, namely via malnutrition of the arterial wall, leading to changes in structure and permeability and/or accumulation due to an unusual composition of metabolites or due to the change in permeability-? Or is there another trigger mechanism, for instance caused by local damage of the wall? Which chemical factors have a steering action during the process? Do fatty streaks and spots develop into plaques occasionally or are these two types of lesions mutually independent? Do lipids play a role from the beginning or do they get involved at a certain stage of the atherosclerotic process? Many more questions can be put forward and the answers are still anybody's guess.
Why do we know so little? I strongly believe that there is only one way to find the answers to our list of questions. First, sufficient information must be gathered about the morphological and, chemical changes in the human arterial wall with atherosclerosis. The next step must be the design of a theory concerning the processes underlying these changes. And finally such a theory must be checked by experiments, in particular animal experiments.
Unfortunately atherosclerosis research has gone through a period of four decades in which the chemical knowledge about the changes in the arterial wall was almost entirely restricted to one aspect: the increase of its content of cholesterol and esters thereof. As a result, most of the animal experiments, the investigations in connexion with nutrition, and the epidemiological investigations in general were designed on the tacit assumption that cholesterol would be the dominating factor in atherosclerosis, in spite of the morphological evidence that the problem is an extremely complex one.
This focusing of the attention on one single constituent of the arterial wall has had a very disturbing influence on both research and thinking about atherosclerosis. It led, for instance, to the primitive ideawidespread nowadays even in newspapers and magazinesthat infiltration of cholesterol from the lumen into the arterial wall, due to an elevated blood cholesterol level,'would be, so to speak, the mechanism of atherogenesis. Nobody will deny that cholesterol plays some role in the atherosclerotic process but what this role is and whether it is of primary or secondary importance is still unknown.
With all this in mind, we started in 1956 to examine the chemical changes in the human arterial wall with atherosclerosis, aiming at a comparison with the morphological changes and a study of the underlying processes by means of histochemical and biochemical investigations.
In the beginning our work was concentrated on the analysis of lipids, since first of all we wanted to check what is true in the generally accepted belief that the metabolism and transport of lipids plays an important part in atherogenesis. During the last few years we have also paid attention to the mucopolysaccharides since they seem to be of importance in the initiation of the lesions. Another difference between our early investigations and those of recent years is that gradually our methods have been scaled down from microto submicro-level, so that a few milligrams of lipids are sufficient now for a complete lipid analysis. This enables us to analyse lesions, intima tissue and media tissue separately, whereas initially we had to restrict ourselves to intima-plus-media preparations. Since the older work has been pub-lished extensively (Bottcher, Woodford, ter Haar Romeny-Wachter, Boelsma-van Houte & van Gent 1959 ,1960 Haar Romeny-Wachter, Woodford & van Gent 1960, Bottcher & van Gent 1961) the present communication will be restricted to some of the results of the recent work.
All the arteries examined by our team were obtained from autopsies. They were classified into four groups:
Stage 0: The apparently undiseased stageno lesions discernible at a magnification of 10. Stage I: No lesions other than the so-called fatty streaks and spots, i.e. slightly elevated minor lesions. Stage II: Not only fatty streaks and spots, but also atherosclerotic plaques, i.e. strongly elevated lesions, discrete or confluent. Stage III: Complications, such as ulceration, necrosis, hemorrhage, calcification.
Intima-plus-media preparations were obtained by removal of the adventitia and the outer media layers from human aortas. From these preparations the lesions were cut out and afterwards freed as much as possible of adherent tissue. Thus the following classes of lesions were obtained: fatty streaks and spots from aortas of Stages 1, II and III, and plaques from aortas of Stages II and III. In addition, a number of plaques of Stage III aortas, typical examples of the soft, yellow, fatty type, were selected as a special group. For this group the name 'atheromas' will be used, following a recommendation of a World Health Organization committee (1958) .
After cutting out all the lesions from the intimaplus-media preparations, the intimal tissue was peeled off and the separation of intima and media was checked by histochemical examination. Table 1 shows the amount of lipid we found in the different types of lesions and in the intimal tissue between the lesions." From Table 1 it will be seen that the amount of lipid in the intimal tissue between the lesions increases considerably from Stage 0 to Stage III although it does not approach that in the lesions. We found also that the amount of each of the separate lipid components and of the mucopolysaccharides has changed in the apparently 'The figures given in Table 1 and other tables differ somewhat from the preliminary figures published recently (B6ttcher 1964) . This is due to the fact that the new figures give the average of 4-5 cases, the preliminary figures of only 2 cases Intima (lesions removed) 3 2 4-6 9-8 9-8 Fatty streaks and spots 11-2 11-0 14-0 Plaques 17-6 18-7 Atheromas 39-2 undiseased tissue of atherosclerotic arteries as compared with young healthy arteries. This demonstrates that the atherosclerotic process is not restricted to the places where lesions have formed: the entire arterial wall is diseased. As would be expected the average lipid content of atheromas is much higher than that of the plaques.
Changes in Lipids ofDiseasedAortas
It is well known that the average composition of the lipids of atherosclerotic arteries differs from those of undiseased arteries in that cholesterol esters and to a less extent free cholesterol show an increase at the cost of the free fatty acids, phospholipids and glycerides. The decrease in the proportion of phospholipid in the lipids of lesions and intimal tissue is shown in Table 2 . This decrease is only relative. Expressed as a percentage of weight of dry tissue (Table 3, calculated from Tables 1 and 2) , the phospholipids increase. Not only the amount of the arterial phospholipids, but also their composition, changes with atherosclerosis. Several investigators (Buck & Rossiter 1951 , Steele & Kayden 1955 , Smith 1960 have reported an increase in the sphingomyelin moiety. An interesting question, however, remained unsolved: to what extent is this increase of the sphingomyelins due to a difference in com-position between the phospholipids of the lesions and those of the tissue? We have attempted to answer this and at the same time investigate all other changes in phospholipid composition.
The types of phospholipids we could detect in the arterial wall are listed in Table 4 . We have found many interesting changes in the composition of the phosphoJipids with atherosclerosis, but I shall restrict the discussion to the sphingolipids. Table 5 shows that in young, apparently undiseased human aortic intima more than 35 % of the phospholipid is sphingolipid. Compared with other human tissues this is a remarkably high proportion. With increasing atherosclerosis this proportion increases in the intimal tissue between the lesions to about 55 %. This is due to a large increase of the sphingomyelins only partly compensated by a decrease of the cerebrosides. Total sphingolipid 36-9 48-9 48-6 54 8
In the fatty streaks and spots, however, both types of sphingolipid increase with increasing severity of atherosclerosis (Table 6) . Table 6 Percentage of sphingolipids in the total phospholipid of fatty streaks and spots Table 7 shows the percentages of sphingolipids in the phospholipid of the plaques. The low percentage of cerebrosides in plaques of Stage III aortas is striking. We have the impression that the predominance of the sphingolipids in the arterial phospholipid and the considerable changes in this fraction with atherosclerosis represent an important feature in atherogenesis.
Changes in Mucopolysaccharides
The chemical analysis of the acid mucopolysaccharides (acid MPS) in intimal and medial tissue led us to the conclusion (Bottcher & Klynstra 1962 , 1963 ) that there is little correlation of acid MPS content with degree of atherosclerosis. This result seems to contradict the almost generally accepted belief that histochemical observations would indicate an increase of acid MPS with increasing atherosclerosis. The histochemical observationsincreased colour intensity obtained with certain staining proceduresdo not allow a quantitative conclusion, however, since, in the case of acid MPS in arteries an increased colour intensity may stem from at least five different causes: (1) An increase of the total concentration of acid MPS. (2) A change in their chemical composition. (3) An increased degree of polymerization. (4) A decrease of their linkage to proteins and phospholipids. (5) A loosening of the tissue structure, leading to an increased accessibility of the binding sites to the stain. Our investigations on the composition of the arterial acid MPS led to the conclusion that changes in the composition, perhaps accompanied by changes in. the tissue structure, are responsible for the histochemical observations. Our recent results can be summarized as follows: The intima of normal and atherosclerotic aortas contains a higher percentage of acid MPS than the media. This difference is mainly due to a higher proportion of chondroitinsulphate-C (CSA-C), but also to a higher percentage of hyaluronic acid (HA). With atherosclerosis the CSA-C moiety increases (in particular in the intimal tissue and in the fatty streaks and spots) and the HA moiety decreases. In all stages of the disease fatty streaks and spots show a higher 36 percentage of heparitin sulphate than the tissue, whereas in plaques and atheromas this percentage is lower than in the tissue. From this and also from other chemical observations we are inclined to conclude that fatty streaks and spots are not the origin of the plaques.
The increase of chondroitin-sulphate-C, observed with atherosclerosis in intimal tissue and in fatty streaks and spots, might lead to a considerable decrease of permeability. Thus it could be an important factor in atherogenesis.
Lipidsfrom Very Early Lesions
Finally, a few remarks can be made about our analysis of lipid-rich material, taken from very early lesions, i.e. lesions which show on electronmicroscopic examination lipid-laden smooth muscle cells, but no extracellular lipid. For this work fine sewing needles were used, sharpened on a grindstone under the dissection microscope to give them the shape of a knife. With the aid of such a micro-knife it is possible to make a superficial incision in an early lesion and to take out the material, located immediately underneath the surface, with the aid of the finest-grade jeweller's forceps. Many early lesions have to be cut in this wayinorderto obtain a fewmilligrams of material. The lipids extracted from it have an unusual composition. They contain about 60-70 % cholesterol esters, only 5-10% free cholesterol, 5-15% phospholipids and about 10% glycerides.
Among the fatty acids of the cholesterol esters, oleic acid strongly predominates, composing more than 50 % of the total, whereas in the cholesterol esters of more advanced lesions linoleic acid predominates and increasingly so with increasing severity of atherosclerosis. Also the composition of the other fatty acids in these cholesterol esters differs widely from that of the tissue and the blood cholesterol esters.
More than 50% of the phospholipids in these early lesions are lecithins. The fatty acid composition of the lecithins also differs markedly from that of the tissue lecithins and blood lecithins.
All these findings indicate that the lipids in lipid-laden smooth muscle cells of early lesions are synthesized in situ.
Summary
Chemical analyses have been made of the lipids and mucopolysaccharides isolated from fatty streaks, plaques, atheromas and intimal tissue (after removal of all the lesions) of human aortas both undiseased and at different stages of atherosclerosis.
As compared with young healthy intima the changes in the intima tissue between the lesions appear to be considerable, though smaller than in the lesions themselves.
In the phospholipids the sphingolipids (sphingomyelins and cerebrosides) predominate: 35 % in young intima; up to 65 % in lesions.
The amount of acid mucopolysaccharides shows little correlation with the degree of atherosclerosis. More important are the changes in their composition.
A separate investigation of the lipids from veryearly fatty streaks led to indications that these lipids are synthesized in situ.
Meeting March 3 1964
A visit was made to the Forensic Science Laboratories at New Scotland Yard.
Meeting June 20 1964 at the Royal Naval Medical School, Alverstoke, Gosport, Hants
The following short papers were read: 
